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0 Field emission device and method of manufacture therefor. 


@ The present fnventlpn provides a field emission 
device and a noethod of manufecturing the same. 
Tt^ device comprises a plane $ubstrate (1). a cath- 
ode electrode (2) provided on . the plane substrate 
and fonned with emissiorl projections (3) extending 
generally parallel to tf)e surface of the plane 8ut> 
strate. end a gate electrode (4) provided on the 
plane substrate for controlling the electron emission 
by the emission projectiorw. The emission projec- 
tions at least of the cathode eleidrodo are formed on 
an insulation layer (6) on the surface of the plane 
substrate such that the tips of the emission projec- 
tions are positioned vertically above the level of the 

^ gate electrode, which enhances the performance of 

^ the device. 
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The present invention relates to field emission 
devices that emit electrons by a field effect, and to 
a method of Tnanufetcture therefor. In particular, the 
invention relates to a field emis^oh device of the 
lateral type having a cathode electrode formed on 
a substrate with projec^ons extendlncf generally 
parallel to the surface of the 8ut>strate. 

A prior fiek! emission device of the lateral type 
Is disclosed in a paper by JunjI ito In pyo Butsuri 
(Journal of AppKed Physics. Japan) Volume 59. No. 
2. pp, 164 to lee (l^j^ i=lguh9 13 shows a frag- 
mentary plan view of this prior field emission de- 
vice, which forms part of a planar triode element 
The device has a structure formed by a successive 
arrangement of a wedge type emitter electrode 
102. a columnar gate electrode 103, and an anode 
electrode 104 side by side on the surface of a 
quartz substrate 101. These three electrodes are 
formed by etching 1 ^m thick hjngsten film using 
photo^tchlng tedinology. The emitter electrode 
102 has one hundred and seventy wedge shaped 
projections arranged at a 10 ;im pitch. The distance 
between the emitter electrode 102 and the gate 
electrode 103 Is 15 /im. and the distance between 
the gate electrode 103 and the anode electrode 
104 Is 10 pm. 

When the electrical properties of the planar 
triode element including such a field emission de- 
vice are measured in a vacuum of 5 x 10 Pa. 
the emission current is a Fow(er*Nordheim (F-N) 
tunnel cunrent. ar>d when the gate voltage Is 220 V 
and the anode voltage Is 316 V. an anode cun'ent 
of about 2 pA Is obtained. This gives an arK>de 
cunrent of 7 n A for one omrtter electrode. The 
mutual conductance Is at>out 0.1 ^S. 

However, such prior planar triode elements 
have a number of problenis as described t>elow. 
Namely, because the emitter electrode 102, the 
gate electrode 103 and the anode electrode 104 
are formed from the same layer of metal fllmi when 
electrons emitted from the tips of tfie emitter elec- 
trode 102 travel towards the arK>de elecuode 104. 
they collide with the gate electrode 103. which is In 
the same plane. Because a posrth^ potential is 
applied to the gale electrode 103. some of the 
electrons colliding with it flow into the gate elec- 
trode 103. As a result, the yield (anode current/ 
total emission current) of electrons flowing Into the 
anode electrode 104 declines, leading to a reduc- 
tion in power efficiency and to the electrical prop- 
erty called low mutual conductance. With the prior 
art. the yield is of the order of 60%. 

Also, the emitter electrode 102 arwi the gate 
electrode 103 are termed fn the same photo-etch- 
ing process. The distance between these elec- 
trodes is determined by the degree of resolution 
during resist exposure, and the practical lev I has a 
limit of 0.8 /im. Further, dispersion Increases as 


this distance becomes more minute. Hence, be- 
cause the threshold voltage for the electron emis- 
sion and Its uniformity are greatly dependent on 
the distance between tiw emitter electrode 102 and 

5 the gate electrode 103, prior planar triode elements 
have the problem that it Is difficult to lower the 
threshold voltage, and. even If It can be lowered, 
there is the problem of worsened unifonnnlty. 

Further, the radius of curvature of the projec- 

70 ting tips of the emlttar electrode 102 also has a 
great effect on the threshold voltage. The smaller 
the radius of curvature, the smaller the threshold 
voltage, but with prfor methods of manufacture this 
radius of cunrature is limited to 2000 A by blunt or 

ts coarse photo*re$lst. It Is preferred that the radius of 
curvaturs be no more than a maximum of 1000 k 
in order to obtain a practical threshold voltage, but 
this is difficult to achieve with the prior art 

It Is an Qlbiect of the present Inver^tlon. at least 

20 in its preferred forms described t>elow. to over- 
come some or all of the above problems. 

According to the present Invention, there is 
provided a field emission device comprising a sub- 
strate, a cathode electrode provided on the sub- 

26 strate and formed with emission projections ex- 
tending generally parallel to the surface of the 
substrate, and a gate electrode provided on the 
substrate for controlling electron emission by the 
emission projections, characterised In that at least 

30 the emission projections are formed on an insula- 
tion layer on the substrate such that tfie tips of the 
emission projections are pcsltSoned vertically above 
the level of the gate electrode. 

In the present Invention, the distance t>etween 

S5 the cathode electrode and the gate electrode Is 
determined by the Insulation layer, or by means of 
the Insulation layer and the gate electrode, and 
may thus be reduced by comparison with the prior 
art. 

40 The field emission device according to tt>9 
present Invention also has a constructfon, In which 
the radius of curvature of the projection tips may 
be reduced by comparison with the prfor art per- 
mitting a lowering of the thresfiold voltage In use. 

45 According to another aspect of the present 
invention, there Is provided a metf>od of manufac- 
turing a field emission device comprising the steps 
of forming a cathode electrode on a substrate with 
emission projections exterxling generafly parallel to 

50 the surface of the substrate, and fonming a gate 
electrode on the substrate lor controlling electron 
emission by the emission projections, and charac- 
terised by forming an Insulation layer on the sut>- 
strate beneath at least tfw emission prolections of 

65 the cathod electrode such that the tips of the 
emission projections are positioned vertically above 
the level of the gate electrode. 

Advantageously, the n>ethod comprises tfie 
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steps of forming an Insulation layer over the sur- 
face of the subatrate end a cathode electrode layer 
on the surface of the Insulation layier. and treating 
the cathode electrode layer by meana of an excess 
etching process to form the cathode plectrocie. 

By excessively etching ;the cathode electrode 
layer in the lateral/dlrectfon^ tt is pbatsibte to make 
the tips of the emission pro)ections sharper (i.e. to 
reduce their radii of curvature). 

The Invention Is descrit)ed further, by way of 
example, with reference to the accompanying 
drawings, in whlch:- 

Rgure 1 (A) Is a fragmentary plan view of a field 
emission device according to the present inven- 
tion having a construction wherein a gate elec- 
trode and a cathode electrode are partially over- 
lapped with an Insulation layer there-between, 
and Rgure 1 (B) Is a sectional view along the 
lineU -UZ In Figure 1 (A); 
Rgures 2 (A) to 2 <E) are fragmentary sectional 
views after completion of the main manufactur- 
ing process steps for the purpose of explaining 
a method of manufacturing the field emission 
device of Rgure 1; 

Rgures 3 (A) to 3 (C) respectively show frag- 
mentary plan views corresponding to Rgures 2 
(C) to 2 (E) for the purpose of explaining In 
detail the process of making the cathode elec- 
trode of Rgure 1; 

Rgure 4 is a graph showing changes in the radii 
of curvature of emission projections of the field 
emission device relative to the amount of lateral 
direction etching of molybdenum thin filrn; 
Rgure 5 (A) is a fragmentary plan view of a 
planar triode element utilising the tield emission 
device of Figure 1, end Rgure 5 (B) is a sec- 
tional view ak>ng the line • L3 In Rgure 5 (A); 
Rgure 6 Is a partial perspective view of a field 
emission device according to a second embodi- 
ment of the present invention witii the gate 
electrode formed by self matching wfith the cath- 
ode electrode; 

Rgures 7 (A) to 7 (E) are fragmentary sectional 
views after completion of Ahe main manufactur- 
ing process steps for the purpose of explaining 
a method of manufacturing tfie fiekj emission 
device of Rgure 6; 

Figure 8 (A) Is a fragmentary plan view of a field 
emission device according to a ttiird eml>odt- 
ment of tiie present invention wherein the gate 
electrode has an Inclined plane s}opinQ relative 
to the projection direction of emission projec- 
tions of the cathode electrode, and Rgure 8 (B) 
is a sectional view along the line L5 - L6 In 
Rgure 8 (A); 

Rgures 9 (A) to 9 (E) are fragmentary sectional 
views after completion of the main process 
steps of manufacture for the purpose of explain- 


ing a method of making the field emission de- 
vice of Rgure 8; 

Rgures 10 (A) to 10 (C) are fragmentary plan 
views showing the process step of etching an 
5 f'nsulatfon layer and a plane substrate witii an 
excess etching method In the nDothod repre- 
sented In Rgure 9; 

Rgure 11 (A) Is a fragmentary plan view of a 
dual planar triode element utHldng a modifed 
70 fiekl emission device according to the present 
invention, and Rgure 11 (8) Is a sectional view 
along the line L7 - L8 in Rgure 11 (A); 
Rgure 12 (A) is a fragmentary plan view of a 
planar tetrode element utilising a field emission 
rs device according to the present invention, and 
Rgure 12 (B) is a sectional view akxig the line 
L9 - L10 in Rgure 12 (A); and 
Figure 13 is a rragn>entary plan view of a prior 
art field emission device. 
20 Rgure 1 is a fragmentary view of a first field 
emission device accordlr>g to the present invention 
having a structure wherein a gate electrode and a 
cathode elecb^ode are partially layered and have an 
insulation layer ther&-t>etween. Tbe field emission 
25 device has a gate electrode 4 and an anode elec- 
trode 5 comprising a thin film of molybdenum 2000 
A thick on the surface of a plane quartz substrate 
1 . and an Island Insulation layer 6 comprising a tiiin 
film of silicon dioxide (SiOs) 5000 A thick In com- 
30 mon on part of the surface of the gate electrode 4 
and on part of the surface of the plarte sutxstrate 1 . 
A catiiode electrode 2 comprising a thin film of 
molybdenum 2000 A thick is provkied so that it 
covers the Island insulation layer 6 arKl overhangs 
35 there-from. 

The cathode electrode 2 has three emission 
projections 3 disposed at a 20 /tm pitch. The 
emission projections 3 have a structure such that 
they project In the direction of the gate electrode 4 
40 parallel to the plane substa'ate 1. The radius of 
curvature of the tips of the emission projections 3 
Is 800 A. The gate electrode 4 and the emission 
projections 3 overiap In a mutually paraJIet manner 
and with the island insulation layer 6 and the space 
46 7 there-between. TTie distance between the 
gate electrode 4 and the emission protections 3 is 
5000 A, being equal to the thickness of the Island 
insulati'on layer 6. Also, tfie distance L.^ t>etween 
the gate electrode 4 and tfie anode electrode 5 Is 5 
50 ^m, and the distance t>etween the emission 
projections 3 and the anode electrode 5 is 12 ^m. 

This field emission device has emission projec- 
tions 3 positioned higher tfian the gate electrode 4, 
and thus electrons emitted from the emission pre- 
ss jecttons 3 amve at the anode electrode 5 without 
colliding with the gate electrode 4. 

Figure 2 is for tfte purpose of xplalning the 
metfiod of manufacture of the field mission device 
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of FiQuro 1, Rgure 2 (A) showing the formation of 
the gate electrode 4 and the anode efectrode 5. 
The plane 8ut>8trate 1 used Is a transparent quartz 
substrate 1.1 mm thick and 7.62 cm (3 inches) In 
dtameter. After depositing a thlii mm of molyb- 
denum 2000 A thick on the stirtace of the pfane 
substrate 1 by a eputtedng nnethod, the molyb- 
denum thin film is proceseed to tapered shapes 
using a CfJOz plasma dry etching method with a 
photo-resist mask, to form the gate electrode 4 and 
the anode electrode 5. 

After this, an insulation layer 6 and a cathode 
electrode layer 9 are stacked on one another as 
shown In Rgure 2 (B). The insulation Jayer 6 and 
the caltKxle electrode layer 9 are respectively a 
silicon dioxide thin film 5000 A tl^ck and a molyb- 
denum thin film 2000 A thitk deposited continu- 
ously by the sputtering method. The sllteon dlonde 
thin film has a direct current insulation resistance 
over 6 MV/cm. The dispersion of the film thickness 
has good uniformity within 2% in relation to the 
plane sut^strate surface. 

The next step Involves forming a hot photo- 
resist 10 used in etching the cathode electrode 
layer 9, as shown in Figure 2 (C). The film thick- 
ness of the photo-resist 10 is about 1 /im. The 
cathode electrode 2 is shown in Rgure 2 (D). The 
cathode electrode layer 9 Is processed to tapered 
form by a dry etching method with CF4^02 plasma. 
The etching conditions are: gas flow amount ratk> 
CF4/O2 = 60/200, and RF power 700 W. The 
etching time Is twenty minutes. Under these etch- 
ing conditions, the etching speed of the rT>olyl>- 
denum thin film is about 500 A/mlnute, and about 
four minutes of etching will be sufficient for remov- 
ing a film thk;kness of 2000 A. However, by per- 
forming excess etching for twenty minutes, or five 
times as tong, and etching In the lateral direction 
also, a cathode electrode is formed that has sharp 
emission projections. The photo-resist 10 at this 
time has 8000 A removed by etching in both the 
lateral and the vertical directions, and the mofyt>- 
denum thin film is also etched away by about 8000 
A in the lateral direction. At this time, the cathode 
electrode 2 having a gradually tapered section re- 
mains t>eneath the photo-resist 10. 

After partially etching away the insulation layer 
8 and then removing the phdto-raslst 10, the de- 
vice IS as shown In Rgure 2 (E). The Insulatton 
layer 8 is removed with a hydrogen fluoride (HF) 
etching sotutkin and the photo-resist 10 is removed 
with an exclusive use peeling solution. 

Figure 3 represents in detail the manufacturing 
process for the cathode electrode 2, Figures 3 (a) 
to 3 (C) respectively con-esponding to Rgures 2 (C) 
to 2 (F). Rgure 3 (A) is a plan view taken after 
forming the photo-resist 10. The photo-resist 10 
has hot resist projections 11 used in fonmlng the 


emission projections 3 and fonY>ed with tip radii of 
curvature of atxxit 2000 A. After forminjg the catfv 
ode electrode 2 (Rgure 3 (B)), perfpheral portions 
of the photoresist 10 are removed by etching 

5 atx>ut 8000 A by the excess etching method, arKl 
the positions of the photo-resist proiectlona 11 are 
set back about 1 f m. The cathode electrode layer 
9 is also etched off to nearly the same shape. 
Rgure 3 (C) Is a plan view of the completed 

10 device. The tips of the emisskxi projections 3. 
when viewed with a scanNng electmn microscope, 
have tip angles of about 70* and their radtl of 
curvature are about BOO A. Also, their sections 
taper gradually In form with tip angles atxHit 45* 

IS and radii of curvature of about 300 A. As a result it 
is confirmed tt)at the emission projecttons 3 have 
tip shapes shaiper than the photo-resist pattern, 
which has blunt or coarse tip shapes. 

Rgure 4 Is a graph showing changes In the 

20 radii of curvature of the emission protections rela- 
tive to the amount of lateral direct etching of the 
molybdenum thin film. The etching condrtionfi were 
the sames as described before, and ttie amount of 
etching was controlled by varying tf>e etching time. 

25 This graph shows that It Is possible to make tf>e 
radii of curvature of the tips bekm 500 A by 
excess etching of over 1.5 ^tm. 

Rgure 5 Is a fragmentary view of a plane triode 
element utilising the field emission device of \hB 

30 present example. This plane trfode element ha: 
Ks main constructional features, the plane 8Ut>strate 
1 furnishing the field emission devtee, an opposite 
substrate 16 placed generally parallel thereto, and 
an interstitial support 18 adhered to the substrates 

35 to maintain an open space thene-between with a 
vacuum layer 19 formed therein. Successively po- 
sitioned In the lateral direction on tfie surface of the 
plane substrate 1 are the cathode electrode 2 
formed on the surface of tiie Island Insulation layer 

40 6 and having a cathode terminal 12. the gate 
electrode 4 having a gate terminal 14. and tiie 
anode electrode 5 having an anode tenminal 15. 
There Is also a getter mass 13 comprising a bari- 
um and aluminium materia! (BaAU) for maintaining 

45 the degree of vacuum. The opposite substrate 16 
comprises a quartz sut^strate 1 mm thtek, and Is 
formed vritii a conductive thin film 17 facing the 
vacuum layer 19 for charge prevention. A hole 700 
ftm In diameter In the opposite sut>strate t6 is used 

50 for evacuation for forming the vacuum layer 19. 
and this Is plugged with a stopper 20 of gold-tin 
(Au-Sn) alloy. The Interstitial support 18 Is sintered 
frit glass with a mixture of spherical glass spac rs 
50 itm in diameter, formed so as to seal the periph- 

55 eral parts of tiie respective substrates in an air tight 
manner. The widtti of the Interstitial support 18 is 
about 500 ^m. Th vacuum layer 19 has a ttiick- 
ness of about 50 ^m and its vacuum Is maintained 
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below 1x10"' ToiT. 

The method of maWng this pianar trfodo ol©- 
ment will now be eKplained. Rrst. the getter mass 
13 IS mounted on the completed plane substrate 1. 
Also, the frit Q\es8 with the mJxiuiB of spherical 
glass spacers is formed by a screen printing meth- 
od on the periphenal portions of the holed opposite 
substrate 16 and the conducttve thin film 17. Next, 
pairs of the substrates ara adhered in position and 
the frft Q\BS$ Is smtaned by heatino at 450* be- 
tween the two substrates while applying a toad, tf 
necessary, pre-slnterlng of the frit glass Is done 
before the session. Next, a thin film of chrome 
(Cr) and a thin film of gold (Au) are formed continu- 
ously in the vidnlty of the hole, after which an Au- 
Sn alloy mass is placed in the vicinity of the hole. 
Next, the substrates are inserted in a vacuum 
chamber and the vacuum layer 10 is drawn to a 
sufficient vacuum thn>ugh the hole. In this state, 
the Au-Sn alloy mass Is Irradiated with a laser 
beam to melt it and form the stopper 20 to close 
the hole. Finally, the substrates are removed from 
the vacuum chaml>er, and the getter mass 13 is 
laser in'adtated from the bact< surface to evaporate 
it and revive the getter action. The lasers used 
here may be X-ma lasers, YAG lasers and CO2 
lasers, for example. 

About two hundred of the planar triode ele- 
ments were made at the same time from 7.62 cm 
(3 inch) substrate, in sizes of 4 mm wide, 3.6 mm 
high and 2.1 mm thiclt The electrical properties of 
the elements were measured. After the cathode 
electrodes 2 were grounded and an anode voltage 
V.k = 200 V was applied to the anode electrodes 5 
and a gate voltage was applied to the gate 
electrodes 4, measurements were made of cathode 
cunront gate cunrent Ig and anode current I«. The 
results obtained wore emission currents of l|t = 3 x 
10-*' A (1 X 10-" mp) at Vgk » 60 V, and Ifc » 6 
X 10-« A (2 X 10-» AAIp) at V^k « 100 V. This 
emission cun-ent was an F-N tunnel current The 
anode cunrent yield (i»^k) vvas about 90% at - 
60 V and about 75% at VgK « 100 V. 

Compared with prior technology, the gate volt- 
age required for electron emission (i.e. the thresh- 
old voltage) was reduced to less than 1/2, and the 
yield was improved over 20%. Also, when ttie 
distribution of the threshold voltage was measured 
throughout the 7.62 cm (3 Inch) substrate, Its dis- 
persion was found to have good uniformity within 
t6%. 

Although molytxlenum thin films are described 
as the electrode material In the present example, 
the Invention Is not restricted thereto, it being pos- 
sible to utilise other metals, such as tantalum, 
tungsten, silicon, chrome and aluminium and alloys 
containing these metals. Also, It Is possible to 
utilise Insulated substrates, having an Insulating 


surface over thetr entire surfaces, such as slUcon 
substrates, as the plar>e substrate. Further, the 
Insulation layer Is not restricted to thin films of 
silicon dioxide, and can utilise materials such as 
s siCcon nitride and alumina. 

Coatings of nrurteriais with small woric functions 
such as barium, thorium and cesium, may be used 
on the emission projections to decrease the thresh- 
old voltage of the electron emissions. 
10 The emission projections may be furnished In 
sufficient numt>ers to decrease electron emission 
noise, and the S/N ratio can be made larger by 
driving them simultar>eou$ty and effecting the elec- 
tron emission simultaneously. 
16 Also, it is possible to form a fluorescent sub- 
stance on the surface of the anode electrode 5 of 
the planar triode element shown In Rgure 5 to 
construct a luminous display, or to form thereon a 
materia], such as a thin film of copper, that pro- 
20 duces x-rays and construct a fine x-ray source by 
exciting this film with an electron ray. 

In a second embodiment of the invention, 
which will now be descrlt)ed, the field emission 
device has a gate electrode formed in a self match- 
es ing manner with the cathode electrode, as shown in 
Figure 6. 

This field emission device has a gate electrode 
24 comprising a thin Al film 1000 A thick on the the 
surface of a plane substrate 21. wTilch ocmipn'ses a 

30 quartz substrate. Two independent Island Insulation 
layers 26. compristr>g thin films of silicon dioxide 
SOOO k thick are provided on both sides of the 
substrate 21, and a cathode electrode 22 and an 
anode electrode 25 comprising thin molybdenum 

35 films 2000 A thick are fomned on the surfaces of 
the Island Insulation layer 26 and overhang there- 
from. 

The cathode electrode 22 has three emission 
projections 23 positioned at a 10 ^im pitch. The 

40 emission projections 23 have a constauction such 
that they project In the directton of the gate elec- 
trode 24 parallel to the plane substrate 21 without 
the island Insulation layer 26 being in the vicinity of 
thetr tips. The radii of curvature of the tips of the 

45 emission projections 23 are about 500 A. The gate 
electrode 24 has a missing portton 27 giving it an 
edge contour formed generally in tiie same shape 
as tt>e emission projections 23 and directly t>eIow 
the emission projections 23. The missing portion 

50 27 Is fonT>ed to match the emission projections 23, 
and the portion In the previous embodiment where 
the gate electrode 4 and the emission projections 3 
overlap parallel to one anott>er is rtot present here. 
The distance (L^k) between the gate electrode 24 

66 and the mission projections 23 is detenmined by 
the film thickness by the island insulation layer 26 
and the film thickness of the gate electrode 24. and 
this value If 4000 A, taking the film thickness of the 


5 


9 


EP 0 443 865 A1 


10 


gate electrode 24 from the film thickness of the 
Island insulation layer 26. 

The anode electrode 25 and the cathode elec- 
trode 22 are sttusted in a position about 4000 A 
higher than the gate efectrode 24. Consequently, 
the distance between the gate electrode 24 and tt)e 
locus of electrons enr)!tted from the emission pro- 
jections 23 Is atso 4000 k. The distance Uk be- 
tween the cathode etectrode 22 and the anode 
electrode 25 is 8 i^i. Coosequentfy, electrons 
emitted from the tips of the emission projections 23 
traverse the gate etectrode 24 about 5 irm above It 
and arrive at the anode electrode 25 without collid- 
ing with the gate electrode 24. 

Rgure 7 is for tfie purpose of explaining the 
method of making the field emisston device of the 
present example. Figure 7 (A) showing the forma- 
tion of an insulation layer 28 and a cathode elec- 
trode layer 29. TTie piano substrate 21 is an insulat- 
ing quartz substrate. On the surface of this are 
successively deposited a thin film of silicon dioxide 
5000 A thick as the Insulation layer 28 and a thin 
film of molytxJenum 2000 A thick as the cathode 
electrode layer 29. using a sputtering m6tty>d. After 
this, the cathode electrode 22 and anode electrode 
25 are formed as shown In Rgure 7 (B). The 
etching method used here for the cathode elec- 
trode layer 29 is Identical to the method of excess 
etching the cathode electrode layer 9 by means of 
dry etchlr>g as de5ciit>ed in the first emtx)diment 
Rgure 7 (C) shovirs where the Insulation layer 28 
has been partially etched away and the emis$k>n 
projections 23 have been exposed. Using the same 
wet etching method as in the first embodiment the 
unnecessary portions of the insulation layer 28 are 
removed and the emisston projections 23 are ex- 
posed so as to project in an overtianglng manner. 
The plarra substrate 21. being quartz, undergoes 
almost no etcfring at this time. 

After this, the gate electrode layer 30 is formed 
as shown in Rgure 7 (D) by means of directional 
particle deposition, e.g. an evaporation method, to 
deposit a thin Al film 1000 A thick. The directional 
particle deposition Is a method that deposits par- 
ticles flying generally vertically from a power 
source onto the surface of the plane substrate 21. 
When this method is used, the portions that project 
outwardly, such as the emission projections 23. 
become negative, and the thin film deposited on 
the surface of the cathode electrode 22 or the 
anode electrods 25 and the thin film deposited on 
tiie surface of the plane substrate 21 separate- 
Further, the missing portion 27 of the same shape 
as the emission projections 23 is formed In a self 
matching manner directly beneath the emission 
projections 23. The directional particle deposition 
methods tiiat can be employed are sputtering 
methods and ECR (electron cyclotron resonance) 


deposition metiiods. Folkxwing tfils, the gate elec- 
trode layer 30 Is etched as shown In Rgure 7 (E) to 
fom) the gate electrode 24. Using cortventlonal 
photo^tchlng technotogy, the thin Al layer Is 

5 etched with an HP type etching solution that will 
not Invade the molybdenum tfiln film. At this tim , 
it Is Important to emptoy a photo-resist so that the 
missing portion 27 is not etched. 

The electrical properties of the field emission 

70 device of tiw present example were measured un- 
der a high vacuum. When the cathode electrode 22 
was grounded and the anode voltage was set at 
V,k = 200 V. a cathode current lit =» 5 x 10"^^ A 
was obtained at a gate voltage Vgic - 60 V. and U 

15 = 1.4 x 10-' A was obtained at Vgk = 100 V. Also, 
ttie anode current yield was 92% when VgK » 60 V 
and was 80% when 100 V. Compared with 

tiie first embodiment this embodiment has a small- 
er distance Lgic between the gate electrode 24 and 

zo the emission projections 23. and the anode elec- 
trode 25 is raised In a high position. 

A fieW emission device according to a third 
embodiment of the present Invention wherein the 
gate electrode has an Inclined surface that is slop- 

25 log relative to the salient direction of the emission 
projections will now be explained with reference to 
Rgure 8. In this emlxxJiment, the field emission 
device has a plane substrate 31, which Is a 7059 
glass substrate (made by Coming Company) 1.1 

30 mm thick. A cathode electrode 32 and an anode 
electrode 35 formed on Island Insulation layers 
are (xovlded on flat portions of the surface of this 
plane substrate 31. A gate electrode 34 Is formed 
both on a plane and on an Inclined surface 37 of 

95 the plane substrate 31 in the vkrinrty of the cathode 
electrode 32. The cathode electrode 32 has three 
emission projections 33 arranged at a pitch of 10 
pm. The tips of the emlsston projections 33 have a 
structure tiiat projects In the direction of the gate 

40 electrode 34 parallel to the flat portions of the 
plane substrate 31. t)eyond the Island insulation 
layers 36 t)eneath Uiem. The radii of curvature of 
the tips of the emission projections 33 are about 
500 A. 

45 TTie gate electrode 34 has the same missing 
portion as the gate electron In the field emission 
device of the secorxi embodiment. The Islarxi in- 
sulation layers 36 comprise thin silicon dioxide 
films 3000 A thick, and the gate electrode 32, the 

50 gate electrode 34 and the anode electrode 35 
comprise rrtolybdenum thin film 2000 A thick. In 
the vidnlty of the emission projections 33. a portion 
of U)e gate electrode 34 has a slope about 25* 
downward from ttie emission direction of the emis- 

£6 sion projections 33. This is because the Inclined 
surface 37 is formed with a slope atxxjt 25* down- 
ward relative to the flat portions of the plane sub- 
strate 31. The sections of tiie island insulation 
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layers 36 are reverse tapered fn shape, having 
angles of about 23* under the emission projections 
33 and of about 45* In other portions. 

The distance Lgk between the emission projec- 
tions 33 and the gate electrode 34 (s about 4000 A, 
the distance Ug between the gate electrode 34 and 
the anode electrode 35 is about 3 ^im, and the 
distance Uk between the emission projecttons 33 
and the anode electrode 35 is 8 ^m. Electrons 
emitted from the emission proiections 33 go over 
the gate electrode 34 at about 5 ;im, and the 
distance between the locus of the electrons end the 
gate electrode 34 is 2.3 at a maximum. 

Rgure 9 Is for the purpose of explaining the 
method of making the field emission device of the 
present example. Figure 9 (A) showing the forma- 
tion of an Insulation layer 3a The insulation layer 

38 is a thin silicon dioxide Aim 3000 A thick depos- 
ited by a conventional CVD (chemical vapour depo- 
sition) method at a deposition temperature of 
300* C. and employing monosilane gas and oxygen 
gas as the raw gas. with deposition being effected 
under atmospheric pressure. 

Next the insulation layer 38 and the plane 
substrate 31 are partially etched by an excess 
etching method to form thie insulation layer 38 with 
reverse tapers and to form the Inclined surface 37 
on the plane substrate 31 as shown In Rgure 9 (B). 

Figure 10 shows the manufacturing process 
steps of etching the Insulation layer 38 and the 
ptane substrate 31 by the excess etching nwthod. 
First, a hot photo-reslst 41 is lonmed In tt>e position 
ot the anode electrode and the cathode electrode 
on the surface of the insulation layer 38 as shown 
In Figure 10 (A). The film thickness of the photo- 
resist 41 Is about 1 ftm. The tips of the photo-resist 
projections 42 In the position of the cathode elec- 
trode have radii of curvature of about 2000 A. The 
photo-resist 41 uses an Interface reinforcing agent 
to enhance adhesion with the Insulation layer 38. 
Excess etching of the insulation layer 38 is done In 
this state, and the surface of the plane substrate 31 
is also etched at the same time. Here, excess 
etching means etching the Insulation layer 38 In the 
lateral direction over a distance several times more 
than the film thickness of the Insulation layer 38. 
The etching solution Is a mixed solution of hy- 
drogen fluoride and acetic acid (HF + CHa COOH 
+ H2O), and the etching speed of the thin silicon 
dioxide film and the 7059 glass substrate are re- 
spectively 1.38 /im/ minute and 0.8 pm/minute. The 
etching time Is three minutes. 

Rgure 10 (B) is a plan view after the excess 
etching. The tips of the insulation layer projections 

39 In the position of the cathode electrode are set 
back atx)ut 4 ^m from tiie position of the tips of the 
photo*resist projections 42, and their radii of cur- 
vature ar about 400 A and are rather small com- 


pared to those of the photo-resist projections 42* 

After this, the photo-resist 41 Is peeled, as 
shown in Figure 10 (C). which corresponds to the 
sectional view In Rgure 9 (B). As will also be 

5 understood from Rgure 9 (B), the Island Insulation 
layer 36 is etched more at Its interface with the 
plane $ul>strate 31 than at its surface, so that Its 
sections have a reverse tapered shape. In particu- 
lar, the Insulation layer projections 39 have sharper 

10 taper angles than the other portions. The reason for 
the reverse tapers Is that the etching speed of the 
insulation layer 38 becomes faster at the Interface 
with the plane substrate 31 t>ecause tt>e adhesion 
of the insulation layer 38 with the plane substrate 

16 31 Is less than witti the photo-reslst 41. The plane 
substrate 31 Is etched by a maximum amount of 
2.2 ^m, and the slope of the Inclined surface 37 
formed under the insulation layer projectfOTs 39 Is 
about 25*. 

20 Rgure 9 (C) shows an electrode layer 40 
formed by directional particle deposition. The elec- 
trode layer 40 comprises a molytxlenum thin film 
2000 A thick. The process step for forming the 
layer 40 Is Identical to the corresponding process 

25 step described In relation to tfie second embodi- 
ment. A characterising feature of this process step 
is tiiat the electrode layer 40 deposited on the 
surface of the island insulation layer 36 reflects the 
plane shape of the island insulation layer 36 ex- 

00 actly, whereby the electrode layer 40 has very 
good projections with radii of curvature of about 
500 A formed on the surface of the insulating 
projectior^ 39. 

The electrode layer 40 is partially etched as 

55 shown in Rgure 9 (D) by a photo^tchlng method 
to form the cathode electrode 32, the gate elec- 
trode 34 and the anode electrode 35. Dry etching 
of the molybdenum thin film as described above Is 
empksyed. Supplemental etching of the Island In- 

40 sulation layer 36 exposes the emission projections 
33 as shown In Rgure 9 (E), the exposed plane 
substrate 31 also being etched a littie at this time. 

When the electrical properties of the present 
device were measured In the same manner as In 

45 the second emtxxJiment a cathode cun^ent U ^ 
4.8 x 10~*^ A was obtained at a gate voltage = 
60 V, and Ik = 2 x 10"' A was obtained at Vgk = 
100 V. Also, the anode cunrent yield was 95% at 
Vgk = 60 V. and 85% at Vg^ » 100 V. These 

60 values, when compared with the field emission 
deWce of the second embodiment, show the same 
threshokJ voltage with a rise In anode current yield. 
The reason tor such improved electrical properties 
is because the distance Lgk remains unchanged 

66 because of the introduction of the sloping gate 
lectrode 34, so that the threshold voltage is un- 
changed, while the distance between the gate elec- 
trode 34 and the locus ot the electrons from th 
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cathods electrode 32 to the anode electrode 35 ts 
made larger and oleclrons are prevented from flow- 
ing to the gate electrode 34. 

Figure 11 is a fragmentary plan view of a dual 
planar trfode element that utilises a field emission 
device substantiaHy as in the second embodiment 
of the present invention. 

Mors especially, the structura of a cathode 
electrode 44 and a gate electrode 46 are gerteratly 
the same as in the second embodiment However, 
the cathode electrode 44 has two sets of emission 
projections 45 facing in different directions, and 
independent gate electrodes 40 are respectively 
provided for each set of emission projections 45. 
Also, the field emission device has an anode elec- 
trode 47 In two Independent parts on an opposite 
substrate 4d. respectively fonming pairs virtth the 
two sets of emission projections 45 and the gate 
electrodes 46 on the plane substrate 43. In this 
manner, a dual plaruir triode element is construct* 
ed, in which two field emission devices having tho 
cathode electrode 44 in common are placed inside 
a vacuum layer 50. 

The method of adhering an interstitial support 
51 to the plane substrate 43 and the opposite 
substrate 49. the method of closing the element 
using a stopper 53. and the method ol maintaining 
a vacuum with a getter mass 52 are Identical with 
the first emtx)dlment 

Rguro 12 is a fragmentary plan view of a 
planar tetrode element titilising a field emission 
device tn which a cathode electrode 55 and a gate 
electrode 57 are constructed as described in rela- 
tion to the secortd emt>odlment and a shield elec- 
trode 59 is placed between the gate electrode 57 
and an anode electrode 58. The shield electrode 
59 has the function of shielding the field of the 
anode electrode 58 applied to emission projections 
56. In the planar triode element described In the 
first embodiment the anode resistance was small 
because the emission current from the emission 
projections 3 varies In dependence not only on the 
gate electrode 4 but also on the field of the anode 
electrode 5. When an ampKfier or switching ap- 
paratus is used, a targe anode resistance is neces- 
sary. When the shield electrode 59 is provided as 
in the present example and a fixed potential is 
maintained, e.g. by grounding the shield electrode 
59. to shield the field of the anode electrode 58, a 
planar tetrode elenf>ent of very large anode resis- 
tance is realised. Further, because the anode resis- 
tance depends on the width of the shield electrode 
59. this width is determined by the trade off be- 
tween the anode current and the yield. 

In the planar tetrode element of the present 
example, the width of the shield electrod 59 is 50 
nm, and the width of the anode electrode 58 Is 100 
/im. When the shield electrode 59 was grounded 


and the anode voKage VaJc - 200 V. the catfKxfe 
current Ik « 1.4 x 10"' A was obtained at a gate 
voltage Vgk » 100 V, and the anode resistance was 
Ft3 " 15 MO and the anode cunwrt yield was 70%. 
6 As explained above, the field emission device 
ar>d Its method of manufacture, according to the 
present invention offer significant advantages in- 
cluding:- 

(1) The distance Lgk between the cathode elec- 
10 trode mi the gate electrode Is determined by 

the film thickness of the Insulation layer or the 
gate electrode layer. This Is controlled In a 
superior manner relying on advances in LSI 
technology, and as a result a field emission 

15 device of low threshold voltage and good uni- 
formity may be realised, tn particular, while the 
prior art has been limited to a minimum distance 
Lgit of 0.8 nm, the present invention makes it 
possible to reduce this distance even less than 

20 0.1 |im. 

(2) By adopting the excess etching step de- 
scribed atx)ve, the radii of curvature of the emis- 
sion projection tips of the cathode electrode 
may t>e made smaller than hitherto, making it 

25 possible to achieve low threshoki values. White 
the prior art has been limited to a minimum 
radius of curvature of 2000 A, the present inven- 
tion makes It possible to reduce this below 500 
A. 

30 

Claims 

1. A field emission device comprising a sut>strate 
(1. 21. 31). a cathode electrode (2. 22, 32) 

3S provided on the substrate and formed with 

emission projections (3, 23, 33) extending gen- 
erally parallel to the surface of the substrate, 
and a gate electrode (4. 24, 34) provided on 
the substrate for controlling electron emission 

40 by the emission prpfectlons. characterised In 

that at least the emission protections are 
formed on an insulation layer (6, 26. 38) on the 
substrate such that the tips of the emtsston 
projections are positioned vertically above tiie 

45 level of the gate electrode. 

2. A field emission device according to claim 1 
characterised in that the gate electrode (4) and 
the emission projections (3) have mutually 

so overlapping portions with the Insulation layer 
(6) or a space (7) there-between. 

3. A field emission device according to claim 1 or 
2 characterised In tfiat the gat lectrode (24) 

65 has a contour portion (27) having a shape 

identical to the shape of the emission projec- 
tions (23). 
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4. A field emission device according to any of 
claims 1 to 3 characterfsed {n that at least a 
portion of the gate electrode 04) ha$ an In- 
clined plane, which slopes relatlvG to the gen- 
eral direction of the emission projections (33). 

5. A field emission device according to any pre- 
ceding claim characterised by an aruxie elec- 
trode (5, 25. 35) formed from the same layer 
as the emission projections or the gate elec- 
trode. 

6. A n>ethod of manufacturing a field emission 
device comprising the steps of forming a cath- 
ode electrode (2. 22. 32) on a substrate with 
emission projections (3, 23, 33) extending gen- 
erally parallel to the surface of the substrate, 
and fonming a gate electrode (4, 24. 34) on the 
substrate for controlling electron emission by 
the emission projections, and characterised ty 
forming an insulation layer (6. 26. 38) on the 
substrate beneath at least the emission projec- 
tions of the cathode electrode such that the 
tips of the emission projections are positioned 
vertically above the level of the gate electrode. 

7. A method according to claim 6 characterised 
in that the steps of forming the Insulation layer 
and the cathode electrode comprise forming 
the insulation layer on the surface of thte sub- 
strate (1) and on the surface of the gate elec- 
trode (4), forming a cathode electrode layer (9) 
on the surface of the insulation layer, treating 
the cathode electrode layer by means of an 
excess etching process to form the cathode 
electrode (2). and partially etching the insula- 
tion layer with the cathode electrode as an 
etching mask for exposing the gate electrode 
and at least the tips of the emission projections 
(3). 

8. A method according to claim 6 characterised 
in that tf>e steps of forming the insulation layer 
(26). the cathode electrode (22) and the gate 
electrode (24) comprise forming an insulation 
layer (28) over the surface of the substrate 
(21). forming a cathode electrode layer (29) on 
the surface of the ir>sulation layer, treating the 
cathode electrode layer by means of an ex- 
cess etching process to form the cathode elec- 
trode (22), partially etching the insulation layer 
with the cathode electrode as an etching mask 
to expose at least the tips of the emission 
projections (23), forming a gate electrode layer 
(30) by directional particle deposition on the 
surface of the substrate and the surface of the 
cathode electrode, and etching the gate elec- 
trode layer to form the gate electrode (24). 


9. A method according to claim 6 characterised 
in that the steps of forming (he insulation layer 
(36), the cathode electrode (32) and the gate 
electrode (34) comprise forming an Insulation 

6 layer (38) on the surface of the substrate (31). 

partially etching the Insulation layer by an ex- 
cess etching process to forvn an Insulation 
layer (36) having a reverse taper shape in 
section, etching the substrate to form an In- 

10 dined plane (37) adjacent an end of the Insula- 

tion layer, forming an electrode layer (40) by 
directional particle deposition on the surface of 
the substrate and the surface of the Insulation 
layer, etching the electrode layer to form the 

16 gate electrode (34) and the cathode electrode 

(32), and partially etching a side surface of the 
insulation layer with ti^ catiiode electrode as 
an etching mask to expose at least the tips of 
tiie emission projections (33). 

20 

10. Reld electron emission apparatus, within field 
electron emission apparatus that furnishes at 
least an insulating plane substrate (1. 21, 31), a 
catiiode electrode (2, 22, 32) that is a cathode 

25 electrode furnished on the surface of the said 

plane sut>strate and that fumislies emission 
projections (3, 23, 33) having a salient direction 
parallel to the surface of the said plane sub- 
strate, and a gate electrode (4. 24, 34) that is a 

30 gate electrode furnished on the surface of tiie 

said plane substrate for the purpose of control- 
ling tiie amount of electron emission of the 
said emissbn projections, characterised In that 
at least ti>e said emissk)n projections are fur- 

35 nished on the surface of the said plane sut> 
strate so as to hold an insulation layer (6. 26, 
36) and at least ti)e tips of the said emission 
projectk>ns are positioned generally vertically 
directly over tfie said gate electrode. 

40 
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